Abstract: Parallel flux switching machines (PFSM) come forward in automotive industry as a promising candidate for hybrid truck applications due to their high power density. Torque calculations, i.e cogging and electromagnetic, are important features of these machines, which require a finite element model (FEM) with a long simulation time for the transient analysis. This work shows how this simulation time could be minimized by employing the superposition principle for torque calculations.
Introduction
The permanent magnet synchronous machines (PMSM) and switched reluctance machines (SRM) are the traditional electrical machines used in the automotive industry, mainly due to their advantages in maintenance and cost. Considering the truck industry, e.g. delivery trucks, there is a recent trend to search for alternatives which are efficient both in terms of power and volume. Especially in delivery trucks, it is an important issue to keep balance between these two aspects considering the international standards on maximizing the cargo capability. Due to these limitations, a hybrid truck would benefit from in-wheel motors which combine the best of two worlds. Parallel flux switching machines (PFSM) answer this need by combining the advantages of the PMSM and SRM, as illustrated in Fig. 1 .
Due to some nonlinear characteristics of this class of machines, which will be explained as following, it is rather time consuming to determine the key parameters necessary for the hybrid drivetrain. To date, FEM seems to be the only method, the researchers rely on for determining these parameters, however it takes long calculation time for the transient analysis, which is necessary for a simple torque calculation.
The proposed superposition principle is applied for the first time to this class of machines for a robust torque calculation. The most important aspect of PFSMs is that the energy sources, traditionally located in separate frames, are placed in stator. With the absence of energy sources from rotor, the need for brushes is also eliminated. Additionally, PFSM has the theoretical advantage of high speed capability together with a high torque density. Although, currently there is no measurement data available in literature for the PSFM regarding the torque density values, it must be noted that the torque density levels compared to PMSM could be slightly lower due to the decreased armature winding space [1] . The sources, which are responsible for the armature and excitation fields, can be produced in different ways, i.e. field windings or permanent magnets (PMs) [2] . On one hand, with the use of field windings high manufacturing costs due to the PMs would be avoided and additionally a field control would be possible. On the other hand, extra costs could appear due to the increased energy use, power electronics, control, and thermal issues. Although the method proposed in this paper is applicable for both cases, for understanding purposes, the focus is set on the flux switching permanent magnet machine (FSPMM) as the representative of the PFSM class. The cross section of the machine is presented in Fig. 2 . As mentioned before, the significant advantage of the FSPMM is that the PMs are situated in the stator instead of the rotor, which leads to a relatively low demagnetization probability compared to the PMSM (e.g. Brushless AC). Additionally, since the rotor is composed only of laminated ferromagnetic material, it is easier to construct and the machine requires less volume giving a higher torque density. In flux weakening mode, the machine is capable to reach relatively high speeds, such as up to 50.000 rpm for a single phase 3 kW machine with a 30 mm rotor diameter [5] . Due to the double salient structure and saturation of the iron of the FSPMM, most researchers in this area prefer FEM for the investigation of this machine. For the 12/10 pole FSPMM, it exhibits a half periodicity resulting in a large FEM model and long computation time especially in the transient 2D analysis for torque calculations.
It is aimed with this paper, to simplify the machine model geometrically using the superposition principle for torque calculations, which results in a dramatic decrease of total simulation time for the transient analysis.
Working Principle
The PFSM, particularly the FSPMM, is a comparably new electrical machine for the automotive sector, therefore it is most logical first to introduce this machine and its benefits for the variable speed drives. The working principle of the considered machine is the same as the rest of its class. The FSPMM can be represented with simple elementary cells in rectangular coordinates due to the high number of stator/rotor pole combination. The stator consists of 12 elementary cells with an example given in Fig. 3 , whereas the rotor of 10 identical cells. The name of the machine, flux-switching, already tells the common point for the machines of this class. During its operation, the armature flux changes both in its value and direction. The basic principle of flux switching in one elementary cell occurs due to the movement of Additionally, the placement of magnets also increases the field density directly into the saturation level. This phenomenon leads to a prebiased structure, resulting the motor to start-up directly at the knee level of the B-H curve (µ max ) and a steady state machine operation near the saturation region. This point in the magnetization curve represents the maximum change in energy ( ∂W ∂θ ), causing a high starting torque. However, it must be noted that saturation is actually a limitation in material properties and modeling approaches, since it is responsible for the nonlinear behaviour. The effect of saturation will be discussed in section 3 in detail.
Machine Comparison
A general comparison among different machine classes is presented in Table 1 [6] . In this table, Some machines (e.g. DSPM) also make use of the second quadrant, where they can brake additionally in forward direction due to the bipolar current capability. The bipolar phase flux linkage enables the FSPMM and the BLAC machine the benefit to use all four quadrants of the energy conversion loop, which is the reason for the high energy utilization.
Torque Calculations
In this section, the following parts explain the logic leading to the machine model reduction using the superposition principle. 
Saturation Effect:
In sections 1 and 2, one important aspect of the PFSM was mentioned, i.e. highly saturated nature.
Based on the presence of this characteristic, two different cases are created for the FSPMM example, the linear and nonlinear. Because there is an expected difference in the electromagnetic torque, the first emphasize is given to the cogging torque for the comparison. In order to show it more clearly, only two periods or cogging torque are investigated for both linear and nonlinear cases in Fig. 4 . There are two significant differences: The resulting graph from the nonlinear case clearly shows less fluctuations and exhibits higher maximas in both directions. As for the first difference, for one total electrical cycle of 360 • , there are 6 torque periods for the nonlinear case which represents the real machine behaviour. The periods correspond to the rotor tooth tip-stator tooth tip alignments during the rotor's 36 • mechanical movement. Due to the prebiased structure of the machine, the rotor pole number of the FSPMM corresponds to the rotor teeth number, which are in a sense analog to the PMs in a BLAC machine.
Implementation of Superposition Principle
Saturation in the teeth tips shown in Fig. 5 causes the difference in the number of oscillations within the same periodicity of cogging torque.
The oscillation clearly decreases in the nonlinear case due to the saturation, while a periodicity of 60 • electrical is kept constant. To investigate this decrease in oscillations, the analysis of the whole machine is reduced to the torque calculation acting on a single tooth. The idea is to calculate the total torque of the machine using the superposition principle presented in [3] , where this principle was applied to the PMs in the rotor of a BLAC machine.
In general, torque expression can be expanded in the following series:
where N is the least common multiple between the stator slot number and pole number, T i is the amplitude of the i th harmonic, and ∆ θ the mechanical angle between stator and rotor [4] . For the FSPMM, the pole number is the equivalent of the rotor teeth number. The periodicity of torque is 360/N in electrical degrees, which gives 6 periods for the investigated 12/10 pole machine for one electrical cycle. For the implementation of the superposition method, two different approaches are regarded regarded: one tooth and two teeth methods. In the first one, the rotor geometry is reduced from 10 to one tooth, as illustrated in Fig. 6 . Following the results, which will be discussed in next section, the tooth number is increased to two teeth, as illustrated in Fig. 7 .
Results
The superposition method can be applied both to analytically derived and numerically solved torque calculations. If we consider the numerically derived results from FEM in Fig. 8 for one tooth, it shows that this is not yet satisfactory due to the fractional 12/10 pole combination of the investigated machine. Fig.9 explains the reason for this result, where harmonic spectrum of the superposition methods used are shown. The one tooth approach does not follow quite the harmonic pattern of the machine torque with 10 teeth. The non-integer ratio causes that not all the harmonics from the investigated one tooth approach contribute to the superimposed result. The peak in the harmonic spectrum is reached at 400 Hz, as expected. For one electrical cycle of 360 • , the machine has to 
Conclusions
Flux switching machines are at first glance very promising alternatives to replace the PMSM and SRM. Their relatively prebiased structure due to the placement of magnets into the stator leaves the rotor part suitable to reach higher speeds, which are only limited by mechanical related issues. This fact makes the machine a very promising candidate for the variable speed applications in the automotive industry. The main drawback of the PMSMs is that they are a relatively young machine class which needs further understanding due to their complex and nonlinear nature. Analytical approaches are of foremost importance to understand the multi-physical phenomena occurring inside this machine. Due to the lack of proper periodicity, FEM calculations take enormous calculation power time. With this paper, a detailed analysis of the cogging torque inside the PFSM is given. The analysis of the different behaviours for the linear and nonlinear cases, leaded us to the idea of using the superposition principle for fast torque estimation for this class of machines. After careful consideration of two proposed techniques, one tooth and two teeth appraoches, it was decided that the latter one gives more satisfactory results due to the closing of flux paths. The proposed technique is not only suitable to be used in conjunction with the numerical but also with analytical modeling techniques. The machine model is simplified in the rotor geometry as 2 teeth instead of 10, which saves a lot of the available computational power. 
